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Abstract 
 
Many macrophyte species sold in stores across Canada are perceived as 
unlikely to invade owing to climate mismatches. This does not account for climate 
change, which may make the Great Lakes more suitable to invaders. This study 
aimed to assess the invasion potential of two macrophytes (Pistia stratiotes and 
Eichhornia crassipes) that were recently discovered in the Great Lakes, and 
determine the mechanisms responsible for their persistence. I surveyed the 
Canadian shoreline of the Great Lakes to determine their current range, and 
tested three hypotheses that may account for their continued presence. Surveys 
conducted in 2010, 2011 and 2012 demonstrated that the species are recurring 
in some tributaries. I deployed enclosures to assess winter survival of 
experimental plants and results indicate that neither species can survive. 
However, water hyacinth produces seeds in the Great Lakes, and experiments 
indicate a germination rate of up to 67% under optimal conditions. Therefore, it is 
unlikely that water lettuce and water hyacinth are currently established in the 
area, though it may become an issue in the future. 
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Chapter 1: Overview  
Humans have both deliberately and inadvertently introduced 
nonindigenous species (NIS) - species that are not native to the area in question 
- into terrestrial and aquatic habitats worldwide throughout the course of history 
(Villamagna & Murphy, 2010). It is estimated that a ship in the year 1750 could 
potentially have carried over 120 species on its hull, with an additional 30 or 
more in holds or on anchor chains (Bax et al., 2003). There are many pathways 
that introduce aquatic NIS to a new environments including, but not limited to, 
ballast water and hull fouling, recreational boat trailer fouling, live human fish 
trade, and the aquarium and water garden trade.  In many cases, NIS represent 
a significant number of species found in a country.  For example, Vitousek et al. 
(1996) estimated that Canada had over 2,840 NIS, approximately 24% of the 
total number of species in the country. In the Laurentian Great Lakes there are 
182 NIS that have been reported (Ricciardi, 2006). Of these species, many are 
considered invasive (i.e. capable of prolific populations growth), such as fanwort 
(Cabomba caroliniana) (Jacobs and MacIsaac, 2009). Although invasive species 
have been an issue throughout history, they may become more of a nuisance in 
the future, especially if they are positively affected by other concerns such as 
global climate change. 
Introduction of invasive species can interact with other ecosystem change 
drivers such as climate change, changes in land-use, and air or water pollution, 
resulting in many different and unexpected impacts. For example, change in 
biotic and abiotic disturbance cycles, which can be caused by changing 
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temperatures and CO2 levels, are known to facilitate species invasions. 
Therefore, some communities will be more vulnerable to NIS after extreme 
events, like those predicted to occur in the future with global climate change 
(IPCC, 2007). The impacts of climate change can also range from direct effects, 
such as temperature and CO2 concentrations increases, to indirect effects, like 
changes to water quality resulting from changing precipitation patterns and the 
melting of polar ice caps and glaciers (IPCC, 2007). Increased temperature can 
also lower water quality in freshwater systems by decreasing oxygen 
concentration, increasing phosphorus release from the sediment, and increasing 
thermal stability (IPCC, 2007). All of these impacts also create favourable 
conditions for many invasive species in freshwater systems like the Laurentian 
Great Lakes, including for tropical macrophytes Pistia stratiotes (water lettuce) 
and Eichhornia crassipes (water hyacinth). Increased temperatures can also 
negatively affect micro-organisms, benthic organisms and the distribution of 
many fish species (IPCC, 2007), leading to a shift in the distribution of NIS 
toward the poles and changing local water quality. Changes in freshwater quality 
will not only affect the organisms in the system, but will also affect human 
consumption, as water quality standards will be more difficult to attain (IPCC, 
2007). 
Invasive species also have negative economic and ecological impacts, 
even before being combined with the effects of global climate change. For 
example, a species can cause economic problems when it interferes with 
agriculture and crop yields (Villamagna & Murphy, 2010). They can also cost a 
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significant amount of money to control or eradicate from the invaded system, 
which result in opportunity costs (Ramey, 2001). Macrophyte species can affect 
entire ecosystems by blocking rivers and streams on which people depend for 
food and transportation (Barrett, 1989). There are also a number of effects these 
species can have on the invaded area, including competition for resources 
leading to changes in diversity, shading of other plant species, to name a few 
(Barrett, 1989).  
Many municipalities in the USA south of the Great Lakes are already 
affected by infestations of NIS, including the macrophytes water lettuce and/or 
water hyacinth, in their waterways (Ramey, 2001; Howard, 2008). Water 
hyacinth, in particular, is also an invasion threat in Europe, especially Spain and 
Portugal (Téllez et al., 2008). It has established colonies in France and Italy, but 
has also been casually reported, meaning the species is present but is not 
established, in Belgium, Czech Republic, Netherlands and Romania, among 
others (European Environment Agency, 2012). Both species are globally invasive 
and can pose a threat to subtropical and possibly some temperate locations. 
Countries in Africa that have not been invaded are more likely to be limited by 
propagule supply than by thermal constraints. Southeast Asia is also vulnerable 
to invasion by both species (Zhang et al., 2010), as environmental conditions 
there are very similar to those in the species’ native range (Hijmans et al., 2005). 
Water hyacinth is considered to be one of the most invasive aquatic plants 
in the world (Villamagna & Murphy, 2010), and may have catastrophic effects on 
the local environment and economy. For example, Lake Victoria in east Africa 
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was invaded by water hyacinth in 1989, and shortly thereafter much of the lake’s 
surface became covered with the plant, seriously compromising transportation 
and fishing (Albright et al., 2004).  
Other aquatic plant species are also sold through the live garden and 
aquarium trade, and they, too, may pose ecological and economic problems.  Of 
the top 100 most invasive species in the world, three are aquatic plants: 
Eichhornia crassipes, Undaria pinnatifida and Spartina anglica (Lowe et al., 
2000). Wakame seaweed, Undaria pinnitifida, is a highly invasive species that 
has yet to reach Canada. There have been some occurrences in Mexico, and the 
United States remains free of the macrophyte as well (Verlaque, 2013). This 
species may also be introduced through recreational boating or as a pond plant 
to the rest of North America if precautions are not taken. Common cord-grass, 
Spartina anglica, is already present in Canada, in British Columbia (Verlaque, 
2013). Therefore, Canada presently has two of the four most highly invasive 
aquatic plants within its borders (Eichhornia crassipes and Spartina anglica), with 
the other one nearby, allowing for potential introduction (Undaria pinnitifida).   
There are other macrophyte species that are not considered as invasive 
as water hyacinth, but are currently causing problems in Southern Ontario, 
namely water soldier (Stratoides aloides) and European water chestnut (Trapa 
natans) (Jacobs & MacIsaac, 2009; Strayer, 2010; Gagnon, 2011). These 
species are globally invasive and have become a problem in the Ukraine, along 
with areas in the United States and Western Europe. Water chestnut was 
introduced to the Great Lakes and St. Lawrence River prior to 1959, while water 
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soldier was not introduced until 2008 (Funnell et al., 2009). Both of these species 
are Eurasian natives, were introduced through the live water garden trade, and 
are difficult to eradicate (Strayer, 2010; Gagnon, 2011). They are yet another 
example of species not previously viewed as a threat to Canadian waters, but are 
nevertheless spreading, suggesting that other NIS such as water lettuce and 
water hyacinth may also pose real threats to the lower Great Lakes. 
Global distributions for water lettuce and water hyacinth appear to be 
limited to locations south of 60° latitude (Téllez et al., 2008). Both are South 
American natives, thought to originate somewhere in the Amazon Basin (Ramey, 
2001; Howard, 2008). The species were exported from their native range and 
spread globally as water garden plants noted for their beauty and quick 
proliferation (Barrett, 1989). Water hyacinth has since been reported on every 
continent except Antarctica (Téllez et al., 2008) The most northern populations of 
water hyacinth were located in 2008 in Stockholm, Sweden and in 1999 in 
Montreal, Canada (Verlaque, 2013). Both of these locations had live individuals, 
but in neither case were populations recorded as established. In addition, other 
countries - including many throughout Africa, the USA, and Australia - that 
support introduced populations of one or both species experience tropical or sub-
tropical temperatures (Mansor, 1996; Howard, 2008; Perez et al., 2011). Water 
lettuce has a more limited range compared to water hyacinth due to a smaller 
tolerable temperature range (Howard, 2008). 
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Chapter 2   
Introduction 
It is generally accepted that climate change is a major issue affecting 
species distributions and ecological communities (Hellmann et al., 2007; Rahel & 
Olden, 2008; Thomas, 2010; Lawler et al., 2013).  In the northern hemisphere, 
temperate lakes freeze later in autumn and thaw earlier in spring than they did 
historically, corresponding with warmer air temperatures (Magnuson et al., 2000). 
Some native species respond to these climate changes by expanding beyond 
their range (Walther et al., 2002; Skelly et al., 2007). For example many grasses 
in the U.S.A. including yellow starthistle (Centaurea solstitialis) and tamarix 
(Tamarix spp.) (Bradley et al., 2009), along with many species of butterflies in 
Europe, have already extended their native ranges (Forister et al., 2010).  
Hellmann et al. (2007) identified consequences of climate change with 
respect to NIS, including changes in transportation and introduction methods, the 
establishment of new invaders, and changes to distributions of current invaders. 
For example, Thomas (2010) found that 84% of all invasive species - non-
indigenous species capable of prolific population spread - tested had expanded 
their range toward the poles as temperatures increased. Rahel & Olden (2008) 
found similar results, stating that climate change will increase the current range 
of invasive species. Invasive species may also benefit directly from increasing 
carbon dioxide levels and indirectly from rising temperatures relative to native 
species (Sorte et al., 2013). Some species adapt quite rapidly to changing 
climate, others less so (Lawler et al., 2013). An example of rapid evolution of an 
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invasive species under climate change include, increased cold tolerance and 
earlier flowering time in Lythrum salicaria, a terrestrial plant (Colautti & Barrett, 
2013).  
Climate change may facilitate the introduction and expansion of invasive 
species internationally. Lawler et al. (2013) identified the Amazon Basin, 
southeastern U.S.A. and southern Brazil as areas where higher densities of 
climate-driven movement of invasive species may be expected based on current 
distributions of the species, estimated human impacts (i.e., land-use changes 
and pollution), and movement models. Therefore, it is imperative to study 
nonindigenous species (NIS) today to determine their expected ranges and 
impacts in future.    
Although many species are introduced to new environments, only a 
fraction will establish a self-sustaining population. Successful invasion requires 
that a NIS overcome a geography barrier by interfacing with - and being 
transported and later discharged in a viable state by - a transport pathway (e.g. 
Lodge & Kolar, 2001; Blackburn et al., 2011). Once in the new environment the 
species must survive and reproduce, and a subset of these established NIS may 
later spread regionally (Blackburn et al., 2011).  
While contaminated ballast water has been the predominant pathway for 
introduction of NIS to the Laurentian Great Lakes during the latter half of the 20th 
century (Ricciardi & MacIsaac, 2008; Bailey et al., 2011), no new introductions 
have been attributed to it since 2006 (Bailey et al., 2011). Other pathways that 
were once considered relatively minor, including the live garden and aquarium 
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trade, may be expected to rise in relative importance (Padilla & Williams, 2004; 
Semmens et al., 2004). Previous work has demonstrated that numerous NIS are 
sold in the live garden and aquarium trades in southern Ontario and in Quebec 
adjacent to the Great Lakes - Saint Lawrence River (Rixon et al., 2005).  For 
example, there are at least 42 stores that sell a total of 60 macrophyte species 
and 308 freshwater animal species in southern Ontario adjacent to Lake St. Clair 
to the north and Lake Erie to the south (Rixon et al., 2005).  Koi carp (Cyprinus 
carpio), also known as common carp, is sold at approximately 95% of stores and 
is invasive in the USA and the Great Lakes, with the potential to be invasive 
across much of temperate North America (Zambrano et al., 2006). Another fish 
species, the red bellied piranha (Pygocentrus nattereri), is invasive in 22 states in 
the USA and has the potential to spread further under climate change (Rahel & 
Olden, 2008). Some macrophytes commonly sold in Southern Ontario, such as 
amazon sword (Echinodorus amazonicus) and anacharis (Egeria densa), both 
originally from Brazil, are considered invasive in the USA (Lehtonen et al., 2009; 
June-Wells et al., 2012).  
Presently there exists very few restrictions on sale of aquatic macrophytes 
in Canada. For example, Canadian law states that no animal or plant, or any part 
of an animal or plant, shall be imported to the country if it is against any 
regulations from the country of origin (Government of Canada, 2010). This 
regulation does not, however, preclude bringing species into Canada, as long as 
permits are acquired. Also absent is any regulation preventing entry into the 
country of specific invasive macrophyte species (Government of Canada, 2010).  
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Some of these macrophyte and animal species are known invaders.  For 
example, water soldier (Stratiotes aloides) is legally sold in the province even 
though an invasive population occurs in the Trent Severn waterway in central 
Ontario, despite intensive eradication efforts to eliminate it (Gagnon, 2011).   
Two NIS macrophytes – water lettuce and water hyacinth - were recently 
discovered in tributaries along the southern margin of Lake St. Clair, on the Great 
Lakes (Adebayo et al., 2011; Fig. 1). Both species are invasive in tropical and 
sub-tropical countries worldwide (Barrett, 1989; Mansor, 1996; Villamagna & 
Murphy, 2010; Zhang et al., 2010). These species may impede recreational and 
commercial boat traffic by forming large single- or mixed-species mats that can 
span an entire lake (Patel, 2012). These tropical, South American natives were 
not previously perceived as a threat to Canadian aquatic ecosystems (Rixon et 
al., 2005) owing to their intolerance of cold temperature (Ramey, 2001; Howard, 
2008).  
Adebayo et al. (2011) identified these two macrophyte species at four 
locations on the southern margin of Lake St. Clair in 2010. The macrophytes also 
were observed the following year in the same region, thus raising the possibility 
that they may be established (MacIsaac, pers. observ.). Water lettuce and water 
hyacinth reproduce mainly asexually (Penfold & Earle, 1948), although sexual 
reproduction may occur infrequently in the latter species in temperate areas 
(Barrett, 1980). Seed production has not yet been explored as a potential cause 
for the species’ apparent persistence in Lake St. Clair. In addition, the overall 
distribution of these species in the Great Lakes region remains unknown. Here I 
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test three hypotheses that may account for the repeated occurrence of these 
species in the Great Lakes: i) introduced macrophytes survive winter conditions; 
ii) introduced macrophytes do not survive, but produce viable seeds that 
germinate in subsequent years; and/or iii) macrophytes do not survive or 
reproduce, but are reintroduced to the same areas by the public.   
Methods 
Species surveys 
The survey for water lettuce and water hyacinth was conducted by driving 
a research vessel at low speed, 20 km/h on the lakes and <5km/h in the 
tributaries and inlets, within 500m or 1km where the shoreline was hazardous, of 
the Canadian shoreline of Lake St. Clair and Lake Erie, plus most of Lake 
Ontario, east to Kingston, Ontario, and southern Lake Huron as far north as 
Goderich, Ontario in summer 2012. All connecting rivers, tributaries, inlets and 
streams that were accessible by boat were traversed a minimum of 2 km 
upstream, or as far as possible in shallow waterways. I identified the presence of 
floating macrophytes using binoculars and key common features of the water 
lettuce and water hyacinth, including vivid green colour, presence on and height 
above the water surface, and, in some cases for water hyacinth, the presence of 
light purple flowers. Water quality data was collected using a calibrated YSI 85 
meter; measurements were made adjacent to the macrophyte mat of water 
hyacinth and/or water lettuce discovered and approximately 15-20 cm below the 
water surface. Water temperature (°C), oxygen (% and mg/L), conductivity (µS), 
and salinity (ppt) were recorded, along with air temperature (°C), date, time, and 
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GPS co-ordinates of the site. Local water temperatures were recorded to 
benchmark those used in the germination experiments to follow. I also collected 
sediment from beneath the macrophytes using a 10-L bucket to skim surficial 
sediments on the river bed then sealing the container prior to transport. The 
sediment would be searched later to determine if one or both of the species were 
producing seeds. 
The possibility of false negatives exists within these surveys, as the boat 
was driven at higher speeds in the lakes and farther away from shore, though the 
likelihood of a population being missed in a lake is extremely low as the plants 
prefer shallow, warm water which is more often found in the tributaries where 
searching was intense. Within tributaries, the boat was driven at lower speeds 
and the shoreline was often very close, (<10 to 15 m), thus the chance of a 
population of either species being missed here was low, though still possible. 
There is also a possibility that populations occur outside of the survey range (i.e. 
in the northern Great Lakes), though the likelihood of populations being able to 
survive in these locations, even in mid-summer, is very low as water 
temperatures rarely, if ever, exceed 20°C (Environment Canada, 2013). 
Survival experiments 
I collected Water lettuce and water hyacinth for winter survival 
experiments by boat from large populations located in the Puce (water hyacinth) 
and Belle (water lettuce) Rivers in Essex County, Ontario. Both species were 
vibrant green with rigid structure, based on a Condition Index developed for this 
study (Appendix 1). The Condition Index is a based on morphological 
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appearance and helps to identify the overall visual health of a particular plant. I 
assessed colour of the leaves and stems, along with rigidity in these structures, 
as well as the occurrence of wilting tissues. Plant score ranged from 0 (dead) to 
5 (healthy plants).  Healthy plants had vibrant green leaves and stems and no 
sign of wilting or discolouration.  Plants with a score of 1 exhibited extreme 
wilting and harsh discolouration to a shade of brown, though the core of the plant 
was still intact and thus the plant is still capable of regrowth and was considered 
alive. Only macrophytes deemed healthy or very healthy were used in the winter 
survival experiments. Macrophytes were transported in covered plastic buckets 
to a laboratory where they were weighed (g), measured (cm) and condition 
scored prior to being tagged and released into enclosures.  
Macrophyte winter survival was assessed in enclosures deployed at four 
sites near Lake St. Clair and the Detroit River during winters (October - March) 
2011-2012 and 2012-2013.  These sites were located in near-shore waters of the 
Puce River and Belle River, a lagoon off the Detroit River (2011 only), and in a 
pond near Harrow, Ontario. I selected these locations as they were either known 
to have had one or both species previously, or, in the case of the pond, because 
there was no risk of release, therefore there was no chance of introducing the 
NIS to new locations and spreading the species more widely in the county.  Two 
enclosures were deployed at each location to have more replicates of the 
experiments, and eight macrophytes (four of each species) were added in 
autumn for a total of 64 plants used in 2011-2012 and 48 in 2012-2013. The 
latter season only had three locations as the fourth land-owner chose to withdraw 
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from the study after the 2011-2012 winter experiment. I built enclosures by using 
four 240-cm long metal t-bars with pre-drilled holes, which were inserted a 
minimum of 60 cm into the near-shore sediment, forming a rectangle of ~90 x 
120cm.  I lined the bottom and ~15 cm of adjacent vertical surfaces of each 
enclosure with landscape fabric, to prevent the escape of any debris, and 
fastened the fabric to the bars with UV resistant zip ties. Plastic fencing with a 
pore size of ~ 1cm2 was wrapped around the outside of the bars and secured 
with zip ties to both the fabric lining and the metal bars. One bar was marked for 
identification using coloured electrical tape before the enclosure was wrapped 
with florescent orange snow fence, for better visibility. 
I visited each location weekly and collected data on the condition (colour 
and structure) and survival of individual macrophytes, and on water quality. Each 
plant was also measured weekly for number of leaves, root growth (e.g. 
presence of white, fresh growth), and presence of flowers, while fresh weight and 
length from leaf tip to root tip were measured biweekly. Each week I 
photographed each plant to visually document any changes in condition over the 
study interval.  I collected sediment from three of the four sites at the end of the 
2011 - 2012 winter for determination of seed presence. The fourth enclosure 
location was kept intact and used during spring and summer months of 2012 for 
regrowth and regeneration trials.  
In 2012, I found a local population of water hyacinth during the species 
survey in Belle River, Ontario and monitored it weekly for growth and 
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reproduction. Seed pods were collected from this population and returned to the 
lab for processing, and were later used in the germination experiments.  
Seed collection and germination experiments 
Sediment collected during distribution surveys and winter survival 
experiments was wet sieved using stacked US Standard Test sieves (2mm, 1mm 
and 500µm), on a CSC Scientific Sieve Shaker (No. 18480, on setting 0).  250-
500 mL sediment samples were washed through the sieve stack. Sediment from 
the 1mm and 0.5mm sieves was weighed, washed into separate containers, 
labeled, and placed in a refrigerator (~3-4°C) until processed manually for seeds. 
Seeds were recovered from sediment fractions using a dissecting microscope (7 
or 8x magnifications).  Recovered seeds were placed in covered petri dishes 
(100mm dia. x 15mm H) with tap water and stored out of direct sunlight until they 
could be processed for identification. To ensure that no seeds were missed 
during processing of the samples, I randomly rechecked samples and collected 
any seeds remaining. There were very few seeds found in the samples checked, 
approximately 0.5 seeds per random sample.  
I collected water hyacinth seed pods from a large population, dissected 
and mature seeds (i.e. brown in colour) were extracted and either dried or kept 
moist. These seeds were then either scarified (using 100 and 120 grit sand 
paper) or not, as previous research indicated that the procedure decreases mean 
time to germination (Khatun et al., 2008; Brochet et al., 2010). Four germination 
treatments were established based on dry/moist seeds and whether seeds had 
been scarified or not. Moist seeds were kept in tap water and refrigerated at 3-
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4°C to ensure they never dried. Three experimental seeds were then placed into 
standard 100mm diameter petri dishes with 15 mL of 0.05mg/L of NaH2PO4 used 
as a growth medium to provide necessary nutrients. In total, I ran ten petri dishes 
per treatment to ensure replication of trials. Petri plates were placed into a light 
and temperature controlled environmental chamber with a cycle of 13 hours of 
light, at either of two tested temperatures (28° or 35°C), and 11 hours of dark at 
10°C, as outlined in Pérez et al. (2011). The 35°C treatment was chosen to 
represent optimal germination conditions for water hyacinth (Pérez et al., 2011), 
while 28°C represented the approximate summer maximum temperature in 
shallow waters where macrophytes were found. The local temperature of 28°C 
was chosen based on the high water temperatures found where water lettuce 
and water hyacinth mats were located during the 2011 and 2012 species surveys 
(Table 1). The light level was reduced immediately prior to (07:00 - 07:30) and 
following (20:00 - 20:30) the 13 hour high light period to simulate dawn and dusk.  
I surveyed temperature, light level and signs of germination every 12 hours 
(07:00 and 19:00). Light level was recorded to ensure that the variation between 
days remained low. To account for evaporation losses, which occurred even 
though the petri plates were covered, 5 mL of solution was added to each plate 
every five days, until the completion of the experiment (21 days) (Pérez et al., 
2011). Petri plates were photographed during every visit to view the progression 
of macrophyte seed germination and growth. I only used seeds collected directly 
from a large population to ensure experiments were conducted on water hyacinth 
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alone. As no water lettuce seeds were found in local populations, it was not 
included in the germination trials.  
Molecular identification 
Molecular identification was used to identify seeds collected from the 
sediment during the 2011 and 2012 species surveys, along with those from the 
2011-2012 experimental enclosures. Some specimens collected from local water 
hyacinth seed pods were also submitted for molecular identification to ensure 
germination experiments were not compromised by the presence of another 
species. I photographed and labelled each individual seed, for examination once 
sequences were returned. This procedure subsequent visual identification of 
water hyacinth seeds for use in future research projects. 
Seeds were subjected to DNA extraction using the PowerPlant® Pro DNA 
Isolation Kit from MO BIO Laboratories Inc. The extract was then PCR amplified 
using methods of Adebayo et al. (2011); the chloroplast fragment 5-bisphosphate 
carboxylase/oxygenase large subunit (rbcL) was used for molecular 
identification. The primer pair rbcL-1F (ATGTCACCACAAACAGAAAC) and rbcL-
724R (CATGTACCTGCAGTAGC) was used to amplify the rbcL genes. PCRs 
were performed in a 25-µL reaction volume containing ~50 ng of extracted DNA, 
0.5 U of Taq polymerase, 1 x PCR buffer, 2 mM of Mg2+, 0.2 µM of dNTPs, and 
0.4 µM of each primer (Adebayo et al., 2011). PCR amplification was conducted 
with an initial denaturing step at 95°C for 5 min, followed by 35 amplification 
cycles: 95°C for 30 s, 50°C for 30 s, 72°C for 60 s, and a final elongation step at 
72°C for 5 min (Adebayo et al., 2011). Samples were then cleaned using the 
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UltraClean® PCR clean-up kit from MO BIO Laboratories Inc. and sent to 
Genome Quebec at McGill University in Montreal, Quebec for Sanger 
sequencing. Sequences were checked for quality using BioEdit software and 
those deemed to be of good quality were run through BLAST to determine seeds’ 
species identity. Sequences were also aligned using Codon Code Aligner 2.0 
and compared to those reported for other local macrophytes (Adebayo et al., 
2011) to determine the number of different haplotypes present in the local 
populations, as all the previous populations were clones.  
Statistical analyses on the two seasons of winter survival experiments and 
the data collected from the germination trials were performed using IBM SPSS 
Statistics 20 software. A mixed model, repeated-measures ANCOVA was 
conducted using week as the repeated measure. Factors tested include species 
and year entered as discrete variables, week, used as the repeated measure, 
and air temperature entered as a continuous variable. Each individual plant was 
treated as the unit or replication. This was done because water lettuce and water 
hyacinth are often found together in both their native and invaded ranges, 
therefore by using the individual plant as a replicate any positive effects that one 
plant may have on another can be accounted for in the statistical analysis.  
ANCOVA analysis was also performed on data collected from the 
germination trails, with temperature, scarification and drying entered as discrete 
variables and time as a continuous variable.  No data from Adebayo et al. (2011) 
was used in the statistical analyses. 
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Results 
Species surveys 
Surveys were conducted in 2010 by Adebayo et al. (2011) and in 2011 
and 2012 as part of this study. In 2010, only the southern margin of Lake St. Clair 
shoreline was surveyed, and both water hyacinth and water lettuce were 
observed (Figure 1a). The species were found coexisting in four locations, near a 
local marina and Turkey Creek in LaSalle, Ontario, Little River in Windsor, 
Ontario, and in Puce River in Lakeshore, Ontario. I found six locations where one 
or both species were present during the 2011 survey (Figure 1b). Three of the 
locations were where surveys in 2010 detected the species: Turkey Creek, Little 
River and Puce River, while the other locations were new, namely Pike Creek in 
Tecumseh, Ontario, and Belle River and Duck Creek in Lakeshore, Ontario. In 
2012 (Figure 1c), the number of occurrences of the species decreased to three, 
all of which were repeated from at least one of the previous surveys (i.e. Little 
River, Puce River and Belle River). However, I detected a small population of 
water hyacinth in Sarnia, Ontario near the terminus of Lake Huron. The 
population in Sarnia occurred in a man-made, free-floating ‘boom’, suggesting 
human introduction, as opposed to germination from previously produced seeds.  
Survival experiment 
From October 2011 to April 2012, both species of macrophytes were 
placed in near-shore enclosures at a number of locations around Lake St. Clair. I 
observed a large difference between the two species with respect to the decline 
in condition index over time. Both species experienced a sharp decrease in mean 
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condition at the beginning of the study, with water lettuce reaching a score of 
zero in January 2012 (Figure 2b). Water hyacinth remained at a score of one for 
the majority of the study, and did not reach zero until the end of March (Figure 
2b).  I also observed a corresponding, if delayed, sharp decrease in survival of 
water lettuce at the beginning of the study (Figure 2a). Water hyacinth 
experienced significantly higher percent survival (p<0.0001) than water lettuce 
throughout most of the study period, though it too died by the end of March 2012 
(Table 2).  
Winter 2012–2013 was harsher than the preceding winter (Tables 3 & 4), 
as there were more days with ice cover and the ice in the enclosures was thicker 
than the previous year. During the experimental period from October 2012 to 
April 2013 (Figure 2c), I observed very similar survival and condition trends 
relative to the previous winter.  Once again, both species experienced a rapid 
decrease in condition with a zero score achieved in water lettuce in December 
and in March for water hyacinth (Figure 2d). Water hyacinth remained at low 
condition for a longer period of time relative to water lettuce. Survival of water 
lettuce declined rapidly at the beginning of the study period, and reached 0% in 
late November 2013 (Figure 2c). As in 2011-2012, water hyacinth experienced 
higher survival throughout most of the study, but eventually reached complete 
mortality by mid- February 2013 (Figure 2c). The difference between the two 
years was most likely due to the much harsher winter conditions described 
previously in 2012-2013 (Tables 3 & 4).  I also noticed that in the fall of 2012-
2013 the water temperature reached 19.3°C, very close to the minimum 
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germination temperature of both species. Results of a mixed-model ANCOVA 
revealed that all factors (species, year, week and air temperature) had significant 
effects on the survival of both macrophyte species (p<0.0001; F=285.5, 61.5, 
738.4, 159.5, respectively) (Table 2).  
Germination experiments 
Water hyacinth seed germination at 35°C occurred in three of four 
treatment groups: scarified moist, scarified dry and non-scarified dry (Figure 3). 
Fifty-three percent of scarified moist seeds germinated, followed by 16% of 
scarified dry seeds and only 3% of non-scarified dry seeds. No germination 
occurred for non-scarified moist seeds at 35°C. Germination was higher at 28°C 
for scarified treatments, where moist and dry seeds had rates of 67% and 53%, 
respectively (Figure 3). The two treatments involving non-scarified seeds had no 
germination.  Fifty-seven of 58 seeds that germinated at either temperature did 
so within the first seven days of the experiment. ANCOVA analysis revealed that 
both day (time) and method (scarification) significantly affected germination rate 
(p<0.0001; F=22.0, 15.1, respectively) of water hyacinth seeds (Table 5). The 
effect of drying was not significant (p=0.307; F=1.051). I also found no significant 
difference in the germination rates of the two temperature treatments (p=0.376; 
F=0.789) (Table 5). 
Molecular identification  
 Exactly 256 seeds were used for Sanger sequencing for species 
identification, though only 13 sequences, after BLASTN query against GenBank, 
were water hyacinth. Most seeds provided poor quality sequences and were not 
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identified (56.3%), while another 7.0% had no sequence matches available on 
GenBank. Many sequences belonged to other invasive species, such as 
Eurasian flowering rush (Butomus umbellatus, 19.5%), European stinging nettle 
(Utica diocia, 2.0%), Mediterranean rose loosestrife (Lythrum junceum, 0.8%), 
Korean pentactina (Pentactina rupicola, 0.4%). Approximately 9% of sequences 
were either of unknown origin or were native species, while 5.1% of seeds were 
water hyacinth. These specimens were collected at three locations: the pond 
used in the 2011 survival experiment containing both water hyacinth and water 
lettuce (0.4%); Pike Creek from the 2011 survey (0.4%); and a population in 
Belle River from the 2012 species survey (4.3%). All water hyacinth sequences 
obtained from this study belonged to a single haplotype which also matched the 
one found in Adebayo et al. (2011).  
Discussion 
Rixon et al. (2005) predicted that neither water lettuce nor water hyacinth 
would be a threat to the Great Lakes based on their environmental requirements. 
Despite this, both species have recurred in three consecutive years in the same 
coastal waters of Lake St. Clair.  The most plausible explanation for this pattern 
for water lettuce is annual reintroduction by homeowners living on connected 
waterways, as I was unable to obtain evidence of seed production or survival in 
either mild or severe winters with experimentally exposed macrophytes (Figures 
2a-d). The situation with water hyacinth is more complex, as I observed 
production of seeds in nature that experiments revealed were capable of 
germination if scarified and incubated under relatively high temperature. 
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However, like water lettuce, no water hyacinth survived winter exposure.  I 
observed water lettuce and water hyacinth in coastal waters around Lake St. 
Clair that homeowners had admitted to introducing. Thus, it appears that water 
lettuce and possibly water hyacinth are dependent on reintroduction for their 
continued persistence in the Great Lakes.   
Even if water hyacinth persistence in the Great Lakes is not dependent on 
seed production, these seeds could nevertheless provide an essential 
supplement to plants reintroduced annually and contribute to persistence of the 
species. Many populations in Southern Ontario were observed during July, 
suggesting that they were introduced, as water temperatures would not have 
reached the minimum germination temperature of 20°C until this time (Ramey, 
2001; Howard, 2008). Since the plants observed were larger, there would not 
have been a long enough period of time at the appropriate for the seeds to both 
germinate and grow to the size observed by the time the survey was conducted. 
However, I also observed populations in September. Since water temperature 
would have reached its peak in late July (Bolsenga & Herdendorf, 1993), these 
populations could result solely from introduction or a combination of introduction 
and seed germination. With up to 67% of seeds collected seemingly viable 
(Figure 3), it is possible that water hyacinth can build a seed bank in areas where 
it occurs.  
While water hyacinth produces seed banks in other invaded countries 
(Pérez et al., 2011), production may be extremely limited in temperate areas 
(Barrett, 1980). Water hyacinth seeds can remain dormant and viable for up to 20 
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years (Ramey, 2001), rendering difficult eradication once seed production has 
begun. Interestingly, all of the water hyacinth examined genetically from the 
Great Lakes belong to the same clone found by Adebayo et al. (2011), 
suggesting that there was either only one introduction of the plant, which then 
spread to other locations via sale and trade, or that all specimens sold locally are 
the same clone. If the latter is true, it would be impossible to tell if there was 
more than one introduction, unless the populations had sharply disjointed 
distributions. Zhang et al. (2010) also found that introduced populations of water 
hyacinth in Asia, Africa, Europe, North America, Central America and the 
Caribbean had very low genetic diversity. Since my study demonstrated that the 
species is capable of producing viable seeds, these populations could behave 
like annual terrestrial plants and die off each winter, only to recover the following 
year from a seed bank. However, if the species is dependent on annual 
introduction, as appears the case for water lettuce and possibly water hyacinth, 
too, the problem persists only as long as human mediated introduction occurs, 
and even then only for warmer months of the year.  
I found no evidence that either species can survive winter conditions in 
Southern Ontario, even though weather conditions were very mild (higher than 
mean temperatures and very little ice coverage) during the first winter of my in 
situ survival experiments (Figures 2a-d). This result is consistent with known 
environmental requirements for growth and reproduction of both water lettuce 
and water hyacinth (Ramey, 2001). This may change in the future if climate 
change continues to affect the area, making it potentially more suitable for both 
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species (You et al., 2013). Water hyacinth is the most likely to survive winters in 
this area in the future, as it has a lower minimum temperature relative to water 
lettuce, 12°C and 15°C, respectively (Ramey, 2001; Howard, 2008; Bradley et al., 
2011). Winter temperature has already risen in Toronto, Ontario from a mean 
daily low air temperature of -7°C in February 1990, to -5.5°C in February 2013 
(Environment Canada, 2013). While the Great Lakes appear to be far from 
thermal conditions required to support survival of either species year-round 
(approximately 17°C), the possibility of evolutionary increases in cold tolerance 
should not be discounted. Colautti & Barrett (2013) demonstrated that the 
invasive plant Lythrum salicaria evolved rapidly with respect to flowering time 
and, in turn, fitness, leading to advancement along the invasion front. 
In this study, I determined the likelihood that water hyacinth and water 
lettuce can establish in the Great Lakes by assessing whether the species can 
reproduce and survive winter conditions. My field survival experiments included 
both mild and severe conditions, and thus likely encapsulate the range of 
conditions the species are likely to encounter.  The experiments were also 
conducted with both species present together in all enclosures. This makes it 
statistically impossible to determine how the macrophytes would perform by 
themselves. However, these species often coexist together in both their native 
and invaded ranges, making this set-up representative of situations common in 
nature (Barret, 1989; Mansor et al., 1996, Adebayo et al., 2011). 
Although the Great Lakes region has experienced increasingly warmer 
winters over the past 15 decades (Magnuson et al., 2000), conditions are not 
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suitable for winter survival of either species. In addition, I have found no evidence 
of sexual reproduction by water lettuce, although water hyacinth produces viable 
seeds in the Great Lakes. Additional study is required to demonstrate whether 
these seeds are responsible for subsequent appearance of water hyacinth in the 
region. There is clear evidence that human activities introduce live individuals of 
both species to the Great Lakes. Residents with backyard ponds may find that 
prolific clonal growth by these species quickly overwhelms their water gardens, 
and some may then make the unwise decision to release macrophytes into 
surrounding tributaries or directly into the lakes. Similar problems have been 
recorded for bait fishes that were no longer wanted by their owners. For example, 
the round goby (Neogobius melanostomus) may have been intentionally released 
into Lake Huron tributaries by anglers (Dillon & Stepien, 2001). Education and 
perhaps regulation may reduce the occurrence of such incidents (Office of the 
Auditor General of Canada, 2008).   
In conclusion, the main reason for the reoccurrence of water lettuce in 
consecutive years on Lake St. Clair appears to be annual introduction by local 
residents. Water hyacinth was reintroduced annually as well, though this may be 
supplemented by germination of seeds produced via sexual reproduction. Neither 
species is capable of surviving winters in the Lake St. Clair region at present.  
However, environmental managers should be aware that a continuing trend of 
warmer winters may switch invasion risk from unlikely to possible, particularly in 
areas receiving thermal effluent. Government agencies should determine the 
complement of macrophyte species sold in their jurisdictions, and conduct risk 
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assessments to determine whether they pose a current or future invasion risk if 
released into the wild. 
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Chapter 3  
This thesis aimed to identify whether Pistia stratiotes (water lettuce) and 
Eichhornia crassipes (water hyacinth), both tropical macrophytes, were recurring 
within in the same areas in the lower Great Lakes, and, if so, the mechanism 
responsible. Surveys conducted in 2011 and 2012 revealed that both species 
are recurring in consecutive years in some of the same Great Lakes tributaries 
in the Southern most county of Ontario, Essex. Findings from winter survival and 
germination experiments led me to conclude that the main reason for the 
persistence of both species was annual reintroduction, which was supported by 
verbal communication with residents and by visual findings of man-made 
constructs housing the plants. Although this seems to be the only explanation 
for the continued presence of water lettuce, there is the additional possibility that 
water hyacinth introduction is being supplemented by viable seed production. 
Germination of scarified seeds occurred at a relatively high rate during growth 
chamber experiments conducted at both 28°C and 35°C. However, neither 
species was able to survive conditions experienced throughout the 2011-2012 
or 2012-2013 winter seasons. Therefore, I rejected the hypothesis of winter 
survival for both water lettuce and water hyacinth. 
 This thesis assesses the modes of survival of non-indigenous 
macrophytes in the Great Lakes, before the study species were actually 
established. I not only indicated that water hyacinth, at the very least, could 
potentially establish in some Great Lakes tributaries, but that both species are 
being introduced to local areas by residents. This information is useful to both 
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policy makers and retailers, as they have the opportunity to educate the public 
on these issues. Policy makers may also use this information to consider 
regulations regarding the importation of aquatic plants commonly sold in the 
pond and aquarium trade. Two approaches are possible: creation of black lists 
or white lists. The former would identify and ban importation of species that are 
highly invasive in other countries (Simberloff, 2006) while the latter would do the 
opposite and allow importation of only those species perceived to be very low 
risk (Panetta et al. 1994).  
 This study also takes a more comprehensive approach to researching 
NIS, in that it not only considers whether the species recur at sites in the lower 
Great Lakes, but also mechanism(s) responsible.   
 As mentioned previously, the effects of NIS are often accentuated when 
combined with the impacts of other stressors, notably climate change (Hellmann 
et al., 2007). Freshwater ecosystems are particularly vulnerable to effects of 
global climate change, as water quality and quantity are dependent on water 
availability, which is controlled by factors outside of the system (IPCC, 2007). 
Increased CO2, causing global climate change will also increase nitrogen 
deposition in many aquatic systems (IPCC, 2007). This creates favourable 
conditions for NIS such as water lettuce and water hyacinth which prefer areas 
with high nutrient concentrations (Howard, 2008; Ramey, 2001). When 
simulations based on 2*CO2 and IS92a scenarios were conducted on data from 
the Bay of Quinte on Lake Ontario, both surface and bottom temperatures 
consistenty increased anywhere from 2 to 7°C (IPCC, 2007). Summer surface 
 29 
 
temperatures exceeded 30°C, which is warm enough to support populations and 
cause seed germination of water lettuce and water hyacinth, while contributing 
to the depletion of oxygen (IPCC, 2007). These simulations also suggested that 
the Bay of Quinte and its watershed could be compromised by a 3 to 4°C 
increase in water temperature, as this would result in a 77 to 98% increase in 
phosphorus concentrations due to changes in precipitation, tributary flow and 
erosion (IPCC, 2007). Winter air temperatures for the Great Lakes region are 
predicted to increase anywhere for 3 to 8°C by the end of the 21st century 
(Jones et al., 2005). Climate change also interacts with other causes of 
ecological change, like changes in land-use and pollution, which are also known 
to promote the survival of NIS, increasing the possibility of establishment by 
water lettuce or, more likely, water hyacinth,.  
 Research into the possible establishment of tropical macrophytes in the 
Great Lakes needs to be continued. Not only do the surveys for water lettuce 
and water hyacinth need to be continued, but other commonly sold species 
should also be added to the list, such as anacharis (Egeria densa) and parrot’s 
feather (Myriophyllum aquaticum), both of which were thought to be a threat to 
the Great Lakes (Rixon et al., 2005). A survey of the most popular macrophytes 
sold in stores needs to be completed, followed by formal risk analysis that would 
consider future climate change. Store surveys and risk analysis of macrophytes 
has already been competed for the city of Montreal and the adjacent portion of 
the St. Lawrence Seaway (Cohen et al., 2007), however this needs to be 
completed on a much larger scale, especially in the lower Great Lakes where 
 30 
 
establishment is more probable. This would also help policy makers create a 
black list of species that should not be allowed into the country.  
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Table 1.  Data collected during the 2011 and 2012 species surveys, including the 
date and time the plant mat was located, the location, macrophyte species 
present, and water temperature (°C). Species codes: water lettuce (WL) and 
water hyacinth (WH). 
Date Location Plant Type 
Water 
Temperature 
(°C) 
Aug. 30, 2011 Turkey Creek WL 23.5 
  WH, WL 22.8 
  WH 22.8 
 Park Haven Marina WH, WL 23.9 
 Detroit River WL 22.3 
Aug. 31, 2011 Little River WL 22.0 
  WL 21.9 
 Pike Creek WL 24.2 
  WL 23.3 
  WL 22.5 
 Puce River WH 23.0 
  WH 24.5 
Sept. 1, 2011 Belle River WH, WL 23.1 
  WL 23.7 
 Duck Creek WL 25.6 
July 31, 2012 Little River WL 26.7 
 Lakeview Marina WH, WL 28.0 
Aug. 1, 2012 Puce River Marina WH 27.8 
 Belle River WH, WL 28.6 
Aug. 2, 2012 Sarnia Marina WH 27.8 
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Table 2.  Effects of species, year, week and temperature on survival of water 
hyacinth and water lettuce in experimental enclosures used in the 2011-2012 
and 2012-2013 winter experiments. 
 
Dependent 
Variable 
Independent 
Variable 
Degrees of 
Freedom 
F P< 
Survival Species 1 285.5 0.0001 
 Year 1 61.4 0.0001 
 Week (1-25) 24 738.4 0.0001 
 Temperature 1 159.9 0.0001 
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Table 3. Mean weekly water quality measures in/near enclosures during the 
2011-2012 winter experiment, including air temperature, water temperature, 
percent oxygen, conductivity, salinity and depth. Means are for all macrophytes 
alive in the study during the week recorded. Weeks are categorized into fall, 
winter and spring seasons. 
Time of 
Year 
Date 
Mean Air 
Temperature 
(°C) 
Mean Water 
Temperature 
(°C) 
Mean 
Percent 
Oxygen 
Mean 
Conductivity 
(µS) 
Mean 
NaCl 
(ppt) 
Mean 
Depth 
(cm) 
2011-2012       
Fall/ 
Enclosure 
Set-up 10/28/11 9.29 9.69 60 367 0.2 31.8 
Fall 
11/03/11 9.64 10.25 55 501 0.3 28.1 
11/10/11 7.63 9.76 69 473 0.3 22.9 
11/17/11 5.70 6.74 55 335 0.3 26.4 
11/24/11 5.79 5.44 46 226 0.2 42.2 
12/01/11 3.40 4.08 57 180 0.1 53.8 
12/07/11 2.55 3.79 46 205 0.2 47.3 
12/16/11 5.54 5.18 59 220 0.2 44.8 
Winter 
12/22/11 5.40 5.98 58 324 0.3 37.2 
12/29/11 1.04 1.56 62 309 0.3 36.5 
01/05/12 0.76 0.89 67 333 0.3 32.4 
01/11/12 2.61 2.09 58 376 0.3 35.4 
01/19/12 -1.09 0.86 70 254 0.2 34.5 
01/25/12 0.03 1.00 70 213 0.2 37.6 
02/02/12 3.79 3.71 58 257 0.2 40.8 
02/08/12 0.51 2.31 72 569 0.6 36.7 
02/16/12 2.93 1.66 70 641 0.6 31.6 
02/22/12 2.69 2.81 71 348 0.3 31.8 
03/02/12 4.94 4.54 56 295 0.2 37.3 
03/09/12 3.58 5.96 58 503 0.4 31.4 
Spring 
03/14/12 11.23 10.03 69 338 0.3 36.0 
03/22/12 17.19 17.09 72 590 0.3 36.5 
03/28/12 10.39 10.81 67 558 0.4 35.2 
04/04/12 6.59 9.68 79 464 0.3 40.0 
04/11/12 9.75 10.66 77 481 0.3 34.5 
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Table 4. Mean weekly water quality measures of enclosures during the 2012-
2013 winter experiment, including mean air temperature, mean water 
temperature, percent oxygen, conductivity, salinity and depth. Means are for all 
plants alive in the study during the week recorded. Weeks are categorized into 
fall, winter and spring seasons, based on the dates given for each season in the 
calendar year. NA represents areas where no measures could be taken due to 
lack of water. 
Time of 
Year 
Date 
Mean Air 
Temperature 
(°C) 
Mean Water 
Temperature 
(°C) 
Mean 
Percent 
Oxygen 
Mean 
Conductivity 
(µS) 
Mean 
NaCl 
(ppt) 
Mean 
Depth 
(cm) 
2012-2013          
Fall/       
Enclosure 
Set-up 
10/11/12 12.30 NA NA NA NA 0.00 
Fall 
10/18/12 13.10 12.90 64 514 0.2 1.3 
10/25/12 18.70 19.32 36 1459 0.9 9.2 
11/01/12 8.03 8.70 59 874 0.8 13.9 
11/08/12 8.02 8.62 55 528 0.4 9.2 
11/15/12 7.85 8.23 59 1057 0.4 10.8 
11/22/12 6.65 7.20 39 1012 0.9 9.3 
11/30/12 5.55 4.98 72 755 0.7 7.8 
12/06/12 5.77 6.18 49 1099 1.0 9.9 
12/13/12 1.68 1.48 41 380 0.6 11.5 
Winter 
12/19/12 4.43 5.08 40 943 0.5 8.8 
12/27/12 0.00 NA NA NA NA NA 
01/03/13 -6.00 NA NA NA NA NA 
01/09/13 5.67 NA NA NA NA NA 
01/16/13 -2.00 1.96 76 399 0.3 16.9 
01/24/13 -11.00 2.50 59 703 0.6 5.0 
02/01/13 -9.33 NA NA NA NA NA 
02/16/13 -4.33 NA NA NA NA NA 
02/13/13 -3.00 NA NA NA NA NA 
02/20/13 -5.00 NA NA NA NA NA 
02/27/13 3.00 4.25 101 483 0.4 9.0 
03/06/13 2.67 4.17 70 313 0.2 22.5 
03/13/13 0.00 NA NA NA NA NA 
Spring 
03/20/13 0.00 NA NA NA NA NA 
03/27/13 2.33 4.60 47 559 0.5 20 
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Table 5. Effects of time, drying, scarification and temperature on germination of 
water hyacinth seeds in light and temperature controlled growth chambers. 
 
Dependent 
Variable 
Independent 
Variable 
Degrees of 
Freedom 
F P< 
Germination Time 1 22.0 0.0001 
 Drying 1 1.10 0.3070 
 Scarification 1 15.2 0.0001 
 Temperature 1 0.8 0.3760 
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Figure 1. GIS map of the shoreline surveyed by boat in 2011 (solid line) and 
2012 (dotted line), along with the area of focus (box), which was also mapped for 
2010, 2011 and 2012.   
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Figure 2. GIS map of the locations of 2011 and 2012 winter survival enclosures 
in Essex County, Ontario. Dark grey circles indicated the location used in both 
2011 and 2012, while the light grey circle represents a location used only in 
2011. 
 
Ontario 
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Figure 3. GIS maps indicating the GPS locations of water hyacinth and water 
lettuce populations detected during species surveys conducted in: a) 2010, b) 
2011, and c) 2012. Black points represents locations were both species were 
found coexisting, grey points indicate only water hyacinth populations and white 
points indicate only water lettuce populations. Data for 2010 from Adebayo et al. 
(2011). 
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Figure 4. Scatter plots depicting the performance of water lettuce and water 
hyacinth in enclosures of during winter survival experiments a) percent survival in 
2011-12, b) mean (± standard deviation) condition of macrophytes in 2011-2012, 
c) percent survival in 2012-2013 and d) mean condition (± standard deviation) in 
2012-2013. White circles represent means for all water hyacinth specimens in 
the study, while dark triangles represent means for all water lettuce specimens in 
the study. 
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Figure 5. Germination results for water hyacinth seeds in four treatment groups, 
scarified moist (shaded circles), scarified dry (shaded squares), non-scarified 
moist (open circles) and non-scarified dry (open squares) over the 21-day study 
period, at 35°C and 28°C.   
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Figure 6. GIS map of the GPS locations from which seeds genetically identified 
as water hyacinth (Eichhornia crassipes) using Sanger sequencing were 
collected. The white circle is the Harrow location from the 2011 winter survival 
experiment, the grey circle is the Pike Creek population located during the 2011 
species survey, and the dark grey circle is the Belle River population located 
during the 2012 species survey, from which the germination seeds were directly 
collected. 
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Appendix 1. Condition index created for the study to rate plant health, visually, 
on a scale from 0 to 5. Plants were given the highest score of 5 if the leaves were 
completely green and maintained their rigid structure, while plants with a score of 
4 had some chlorosis at the base of the leaves, but were mostly green and 
maintained the rigid structure. Plants with a score of 3 had plenty of chlorosis on 
the leaves, with no dark discolouration and the rigid structure was still apparent. 
A score of 2 was given to plants that had lots of chlorosis and some dark 
discolouration on the leaves and were beginning to wilt. A score of 1 meant that 
the plants had lots of dark discolouration and the leaves were wilted, but the core 
of the plant was still intact and alive. A score of 0 meant that the plant was no 
longer alive and had disintegrated. 
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Appendix 2. Weekly condition of water lettuce plants ranked on a scale of 5-0, 
based on the condition index, in winter 2011-2012, along with weekly mean 
condition, standard deviation and percent survival. 
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Appendix 3. Weekly condition of water hyacinth plants ranked on a scale of 5-0, 
based on the condition index, in winter 2011-2012, along with weekly mean 
condition, standard deviation and percent survival. 
W
e
e
k
W
H
1
W
H
2
W
H
3
W
H
4
W
H
5
W
H
6
W
H
7
W
H
8
W
H
9
W
H
10
W
H
11
W
H
12
W
H
13
W
H
14
W
H
15
W
H
16
W
H
17
1
5
5
5
5
5
4
5
4
5
4
5
4
5
4
5
5
5
2
4
5
5
4
4
5
4
5
4
4
4
4
4
4
4
5
4
3
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
3
4
4
2
4
4
4
3
4
4
4
4
4
4
4
4
2
5
1
1
2
1
1
1
1
1
2
2
2
2
2
2
2
3
1
6
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
7
1
1
1
1
1
1
1
1
2
1
1
1
1
1
1
1
1
8
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
9
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
10
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
11
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
12
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
13
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
14
1
1
1
1
1
1
1
1
0
1
1
1
1
1
1
1
1
15
1
1
1
1
1
1
1
1
0
1
1
1
1
1
1
1
1
16
1
1
1
1
1
1
1
1
0
1
1
1
1
1
1
1
1
17
0
1
1
1
1
1
1
1
0
1
1
1
1
1
1
1
1
18
0
1
0
0
1
1
1
1
0
1
1
1
1
1
1
1
1
19
0
1
0
0
1
1
1
1
0
1
1
1
1
1
1
1
1
20
0
1
0
0
1
1
1
0
0
1
1
1
1
1
1
1
1
21
0
1
0
0
1
0
0
0
0
1
1
0
0
1
1
1
1
22
0
1
0
0
1
0
0
0
0
1
1
0
0
1
1
0
1
23
0
1
0
0
1
0
0
0
0
0
1
0
0
1
1
0
0
24
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
25
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
 
 55 
 
W
H
1
8
W
H
1
9
W
H
2
0
W
H
2
1
W
H
2
2
W
H
2
3
W
H
2
4
W
H
2
5
W
H
2
6
W
H
2
7
W
H
2
8
W
H
2
9
W
H
3
0
W
H
3
1
W
H
3
2
A
verage 
C
o
n
d
itio
n
Stan
d
ard
 
D
eviatio
n
P
ercen
t 
Su
rvival
4
5
5
4
5
5
5
5
5
5
5
4
4
5
5
4
.7
0
.4
1
0
0
4
4
4
4
4
4
4
4
4
4
5
4
4
4
5
4
.2
0
.4
1
0
0
4
4
4
4
4
4
4
4
4
4
4
3
4
4
4
4
.0
0
.2
1
0
0
2
1
1
2
2
1
1
4
4
4
4
3
4
4
3
3
.2
1
.1
1
0
0
1
1
1
1
1
1
1
2
2
1
2
2
1
1
1
1
.4
0
.6
1
0
0
1
1
1
1
1
1
1
1
1
1
2
1
1
1
1
1
.0
0
.2
1
0
0
1
1
1
1
1
1
1
1
1
1
2
1
1
1
1
1
.1
0
.2
1
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
.0
0
.0
1
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
.0
0
.0
1
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
.0
0
.0
1
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
.0
0
.0
1
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
.0
0
.0
1
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
.0
0
.0
1
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
.0
0
.2
9
7
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
.0
0
.2
9
7
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
.0
0
.2
9
7
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
.9
0
.2
9
4
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
.9
0
.3
8
8
1
1
1
1
1
0
1
1
1
1
1
1
1
1
1
0
.8
0
.4
8
4
1
1
0
1
1
0
1
1
1
1
1
1
1
1
1
0
.8
0
.4
7
8
1
0
0
1
0
0
1
1
1
1
1
1
1
1
1
0
.6
0
.5
5
9
1
0
0
1
0
0
1
1
1
1
1
1
1
1
1
0
.6
0
.5
5
6
0
0
0
0
0
0
0
1
1
1
0
1
0
0
1
0
.3
0
.5
3
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
.0
0
.2
3
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
.0
0
.0
0
 
 56 
 
Appendix 4. Weekly condition of water lettuce plants ranked on a scale of 5-0, 
based on the condition index, in winter 2012-2013, along with weekly mean 
condition, standard deviation and percent survival. 
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Appendix 5. Weekly condition of water hyacinth plants ranked on a scale of 5-0, 
based on the condition index, in winter 2012-2013, along with weekly mean 
condition, standard deviation and percent survival. 
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